Modern approaches to Human Leukocyte Antigen (HLA)-haploidentical (haplo) blood or marrow transplantation (BMT), such as the use of high-dose posttransplantation cyclophosphamide (PTCy), have resulted in low incidence of graft failure, graft-versus-host disease (GVHD), and nonrelapse mortality, making its safety comparable to HLA-matched unrelated donor (MUD) BMT. ^[@R1],[@R2]^ Thus, the potentially curative option of BMT has become a reality to the vast majority of patients. However, posttransplant relapse remains the most common cause of treatment failure. In order to design effective relapse prevention and treatment strategies, we must understand the mechanisms of relapse after the increasingly utilized haplo BMT with PTCy platform^[@R3]^.

HLA complex-mediated presentation of cellular antigens is required for effective T cell-dependent tumor recognition and cytotoxicity. Cancer cells may downregulate HLA expression to evade T-cell surveillance.^[@R4]^ While HLA loss occurs in 70-90% of certain untreated solid tumors,^[@R5],[@R6]^ it is rare in leukemia at presentation.^[@R7]^ However, it has been identified as a mechanism of leukemia immune escape after haplo BMT, occurring in approximately 33% of AML relapses.^[@R8],[@R9]^ Investigators at the San Raffaele Scientific Institute first described acquired uniparental disomy (UPD) of chromosome 6p as a mechanism of genomic HLA loss and evolution in AML patients relapsing after haplo BMT using peripheral blood stem cells (PBSCs) grafts.^[@R10]^ They hypothesized that HLA loss may reflect alloimmune pressure mediated by donor T-cells toward the HLA-mismatches and later identified that active disease at the time of transplant, higher graft T-cell dose, younger patient age, and occurrence of chronic GVHD may represent risk factors.^[@R8]^

However, the conditioning intensity, graft source (PBSCs vs. bone marrow), and type of GVHD prophylaxis (anti-thymocyte globulin vs. PTCy) in the Italian study differ substantially from the PTCy haplo BMT approach.^[@R3],[@R11]^ While single nucleotide polymorphism (SNP) array may detect a copy neutral loss of heterozygosity (CN-LOH) of 6p, this is not routinely performed on relapse samples and its sensitivity is limited in early relapse. Assays to distinguish donor from patient-specific alleles are not clinically available at present. Therefore, the degree to which HLA loss contributes to relapse after the PTCy haplo platform is unknown. Herein, we report the first direct evidence that genomic HLA loss may occur after haplo BMT with PTCy.

Two high-risk AML patients in first complete remission received nonmyeloablative (NMA) conditioning, which consisted of fludarabine 30mg/m2 IV, Days −6 to −2), Cy (14.5 mg/kg IV, Days −6 and −5), and total body irradiation (200 cGy, Day −1). Both patients received a T-cell replete bone marrow (BM) graft with a total nucleated cell (TNC) count of 2.9 × 10^7^ TNC/kg for recipient 1 and 5.92 × 10^7^ TNC/kg for recipient 2 followed by PTCy (50 mg/kg IV on days +3 and +4), mycophenolate mofetil, and tacrolimus (*[Supplemental Table 1](#SD2){ref-type="supplementary-material"}*).^[@R3]^ In the setting of 100% donor chimerism, recipient 1 developed isolated testicular relapse eight months posttransplant that was treated with surgery, radiation, and prophylactic intrathecal chemotherapy. At twelve months, BM and PB studies confirmed 100% donor chimerism and remission. Systemic relapse developed at thirteen months with BM revealing 63% myleoblasts and 49% recipient DNA. He underwent reinduction, followed by a second NMA haplo BMT from a different donor. At the time of publication, 1 year after second BMT, he was in remission receiving Vidaza maintenance. For recipient 2, PB and BM studies showed 100% donor chimerism and remission at twelve and eighteen months posttransplant. Systemic relapse developed at twenty-two months when the BM revealed 20% myeloblasts and 36% recipient DNA. At the time of publication, after receiving two salvage regimens, recipient 2 was in remission at Day 90 after second NMA BMT from a mismatched unrelated donor.

For recipient 1, G-banded karyotype analysis at the time of systemic relapse showed a complex karyotype similar to the findings at diagnosis. Single nucleotide polymorphism (SNP) array was performed on the relapse sample BM and PB and detected the presence of both patient and donor alleles. However, a clonal 38.2 Mb region of CN-LOH was present on the short arm of chromosome 6. Specifically, CN-LOH occurred in two regions of shared recipient and donor haplotype: the terminal end (4.9 Mb from terminal to p25.1) and more proximally (20.8 Mb from p22.3 to p21.2). In addition, CNLOH occurred over 12.5 Mb (from p25.1 to p22.3) in a region where the recipient and donor haplotypes differed ([Figure 1A](#F1){ref-type="fig"}). To confirm putative HLA loss, we performed reverse sequence specific oligonucleotide (rSSO) hybridization and melting curve analysis of the targeted alleles. For rSSO, based on pretransplant HLA typing results (*[Supplementary Table 1](#SD2){ref-type="supplementary-material"}*), PB samples from recipient 1 and donor 1 from pretransplantation time points were utilized to determine the informative probes for mismatches between the recipient and donor alleles at HLA-A\*26, HLA B\*56, HLA-C\*01, and DPB1\*04:01. DNA mixing experiments were performed to establish a detection threshold ([Figure 1B](#F1){ref-type="fig"}). None of the probes for the patient\'s mismatched HLA alleles were detected near the threshold level in the PB or BM at relapse. Consistent with the above, melting curve analysis primers designed for the recipient 1-specific HLA-A\*26 detected its presence in the recipient\'s pretransplant PB, but not in the donor PB ([Figure 1C](#F1){ref-type="fig"}). HLA-A\*26 was not detected in the recipient\'s PB collected at the time of relapse, but was detected in the BM relapse sample ([Figure 1D](#F1){ref-type="fig"}). Importantly, the HLA-A\*26 patient-specific allele was undetectable in the HLA-DR^+^ leukemic blasts isolated from the BM and PB ([Figure 1E](#F1){ref-type="fig"}).

For recipient 2, G-banded karyotype analysis at the time of relapse revealed twelve cells that displayed a normal female karyotype and eight cells (40%) that showed male sex chromosomes. In addition to the translocations t(11;19) and dic(12;17) identified in the diagnostic sample ([Figure 2A](#F2){ref-type="fig"}), a new interstitial deletion on chromosome 6p was detected ([Figure 2B](#F2){ref-type="fig"}). SNP array showed the presence of both donor and recipient allele populations and confirmed a clonal interstitial deletion of 15.9 Mb on chromosome 6p that includes the HLA loci ([Figure 2C](#F2){ref-type="fig"}). Based on pre-transplant HLA typing results, we performed HLA-specific melting curve analysis using primers for the HLA-A\*03 allele of recipient 2 (*[Supplementary Table 1](#SD2){ref-type="supplementary-material"}*). This allele was present in the recipient pretransplant PB, but not in the donor specimen ([Figure 2D](#F2){ref-type="fig"}). No HLA-A\*03 DNA was detected in the CD33^+^ leukemic blasts at relapse ([Figure 2E](#F2){ref-type="fig"}).

PTCy has improved the safety of haplo BMT, leading to its increased utilization. However, little is known regarding mechanisms for relapse after this transplant approach. While HLA loss has been documented after haplo BMT using PBSCs grafts with methotrexate and anti-thymocyte globulin,^[@R8],[@R10]^ there have been no reports of its occurrence after haplo BMT utilizing BM grafts followed by PTCy. To our knowledge, these represent the first two cases of HLA loss after NMA haplo BMT using PTCy. Both cases were identified at the time of relapse given clinical suspicion and, in recipient 2, suggestion of genomic loss on karyotype analysis. By conducting rSSO hybridization and melting curve analysis of the targeted alleles, we were able to convincingly demonstrate the loss of the mismatched recipient HLA allele on leukemic cells. rSSO, performed in recipient 1, showed evidence of this loss in posttransplant specimens for all mismatched alleles tested. Detecting 7-14 cell equivalents compared to 1212 cell equivalents for the rSSO method, melting curve analysis offers greater specificity and sensitivity. Importantly, melting curve analysis showed absence of the mismatched recipient HLA haplotype on the isolated leukemic blasts in both cases. Interestingly, the cases represent distinct mechanisms of HLA loss. SNP array for recipient 1 demonstrated UPD at 6p, which is the mechanism described by the Italian BMT group.^[@R10]^ However, the karyotype and SNP array for recipient 2 revealed a deletion of 6p that encompassed the mismatched HLA locus. The later represents a different, but similar, genomic mechanism and supports that the leukemic cells may lose the mismatched HLA haplotype through multiple means, all resulting in evasion of the donor immune system.^[@R12]^

Deciphering the incidence of HLA loss after haplo BMT with PTCy requires further study. Currently, no standardized test to detect HLA loss relapse exists. However, our cases clearly demonstrate that loss of the mismatched HLA haplotype operates as a mechanism of AML relapse after haplo BMT irrespective of graft source, conditioning, or posttransplant immune suppression. Given the increasing utilization of the haplo BMT^[@R1]^, there is an urgent need to develop a broadly applicable and sensitive methodology for detecting and monitoring HLA loss. Recognizing HLA loss may allow us to better tailor treatment. For instance, there is growing experience with haplo donor lymphocyte infusion,^[@R13],[@R14]^ which would be ineffective in HLA loss relapse, but retain the risk of GVHD. Therefore avoidance of this potentially toxic therapy is critical in these patients. Further, the selection of a second donor with an alternative haplotype to improve graft-versus-tumor reactivity against the resistant clone may be an effective therapeutic strategy.^[@R8],[@R9]^ In conclusion, HLA loss should be considered in patients with AML relapsing after haplo BMT with PTCy, particularly with late relapses^[@R8]^ and in patients with extramedullary disease.^[@R15]^ These observations support the development of a standardized test to routinely assess for HLA loss relapse after haplo BMT.
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![Assessment of patient-specific human leukocyte antigen (HLA)-haplotype loss on chromosome 6 using single nucleotide polymorphism array, reverse sequence specific oligonucleotide probe, and melting curve analysis in recipient 1\
**A)** Profile of chromosome 6 in recipient 1. A schematic representation of chromosome 6 is included above the plots of single nucleotide polymorphism (SNP) array. Log R Ratio (red line average) at 0 indicates no copy number alteration and thus copy neutral loss of heterozygosity (CN-LOH) shown in the bracketed region. The wide range of B allele frequencies (blue tracks) represent the presence of both patient and donor alleles; **B)** Two reverse sequence specific oligonucleotide (rSSO) probes, HLA-A\*26 (Probe \#25) and HLADPB1 (Probe \#8), were shown to be recipient-specific with low-level binding to the donor and decline in recipient-specific binding with serial dilutions of the recipient DNA with donor DNA. Posttransplantation relapse specimens of blood and marrow both show levels of Probe 25 consistent with donor samples, suggesting that the HLA-A was lost from the leukemic blasts. Similar results are shown with HLA-DPB1 Probe 8; **C)** Melting curve analysis of the dilution series shows its sensitivity in detecting the mismatched HLA-A\*26 allele in the recipient diluted sample out to 14 cell equivalents. -dF/dT represents derivative of fluorescence over temperature; **D)** Melting curve analysis shows high pretransplant levels of HLA-A\*26 DNA in the recipient, with no detection of HLA-A\*26 in the donor sample. Posttransplant blood samples mirror that of the donor, reflecting loss of genomic HLA in the leukemic blasts at relapse. Bone Marrow specimens, however, showed a level of HLA-A\*26 that is lower than the pretransplant recipient levels; **E)** Melting curve analysis on sorted leukemic blasts (defined as CD45^low^ HLA-DR^+^) showed no HLA-A\*26 DNA, supporting HLA loss.](nihms-785668-f0001){#F1}

![Assessment of patient-specific mismatched human leukocyte antigen (HLA) - haplotype loss using single nucleotide polymorphism array and melting curve analysis in recipient 2\
**A)** Karyotype of the diagnostic sample; **B)** Karyotype of the relapse sample showing a new finding of deletion in 6p; **C)** Single nucleotide polymorphism (SNP) array revealed the 15.9 Mb interstitial deletion (bracketed) that includes the HLA loci. The wide range of B allele frequencies (blue tracks) represent the presence of both patient and donor alleles; **D)** Melting curve analysis shows the ability to detect HLA-A\*03 DNA in limited numbers of recipient pretransplant cells, but not in donor cells. -dF/dT represents derivative of fluorescence over temperature; **E)** Isolated leukemic CD45^low^ CD33^+^ blasts from the recipient\'s peripheral blood and bone marrow show no detection of HLA-A\*03 DNA, similar to that of the donor, suggesting loss of the recipient\'s mismatched HLA.](nihms-785668-f0002){#F2}
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